Stress corrosion cracking (SCC) occurs in shrouds and piping of L-grade austenitic stainless steels at nuclear power plants. A workhardened layer, where the transgranular SCC initiates, is considered to be one of the probable cause for this occurrence. In order to clarify the microstrucural characteristics of work-hardened layer at the surface of shrouds or piping, the strengthen analysis of L-grade austenitic stainless steel, 316(NG), rolled at the reduction in area, RA, of 10, 20, 30, 40 and 50% at room temperature were conducted on a nanoscopic scale, using an ultra-microhardness tester, TEM and SEM. TEM and SEM observation showed that the microstructural parameters are the dislocation cell size, d cel , coarse slip spacing, l csl , and austenitic grain size, d . Referring 10d cel and 10l csl , Vickers hardness, Hv, corresponding to macro strength was expressed as Hv ¼ Hv csl increased with increasing in RA and were kept constant at about 50 and 120 at RA ¼ 20 and 30%, respectively. It was suggested from these results that all dislocations introduced by rolling might be dissipated for the creation of dislocation cells and coarse slips at RA < 30% and that the microstructure contributing to the fine grain strengthening due to the dislocation cell and coarse slip might be accomplished at RA ¼ 30%. The dislocation strengthening in the dislocation cell might begin to operate at RA > 30%.
Introduction
Since the 1970's, there have been many cracking incidences in boiling water reactors (BWR) pressure boundary components, such as primary loop re-circulation (PLR) pipes made with stainless steels. The cracks grew along heataffected zones, and their fractrographic features were characterized by intergranular stress corrosion cracking (IGSCC). The cracking was caused by typical weld sensitization in heat affected zones due to Cr depletion along grain boundaries.
1) L-grade austenitic stainless steel was developed to control the formation of Cr carbides. 1) However, recently, SCC has been observed in L-grade austenitic stainless steel in core shrouds and PLR pipes in Japanese BWR plants. 2) An investigation of samples taken from the nuclear power plants showed that the cracking originated in the surface unit of the material, and that transgranular stress corrosion cracking (TGSCC) had occurred. TGSCC occurred in a surface heavily cold worked by machining and in an area highly strained by weld deformation. This SCC mechanism has not been fully explained.
The authors have developed ultra micro-hardness tester on the basis of an atomic force microscope (AFM). 3) We have also developed an empirical equation for converting an indentation force-penetration depth (F-h) curve to the Vickers hardness, Hv Ã , by using a single metal crystal as a reference sample. 4, 5) This makes it possible to obtain hardness profiles in regions ranging in size from the nano scale to the macro scale by correlating the hardness obtained by using the tester and the empirical equation with the macroscopic hardness obtained by Vickers hardness testing. We have also made it possible to separate the various strengthening factors associated with solution, dislocation, particle dispersion, and grain boundaries (fine grain) by determining structural parameters from AFM structural observations and by correlating a hardness profile with these structural parameters. We named this set of processes ''nano-meso-macro strength analysis '' 6) and applied the technique to the analysis of the strength mechanism of steels, such as 1-mm ultra-finegrain ferrite steel, 5) Low carbon ferrite-bainite steel, 7) ferrite-pearlitic steel, 8) and tempered martensitic steel. 9) In this study, we performed a nano-meso-macro strength analysis on cold-rolled L-grade austenitic stainless steel SUS316 (NG) as part of an investigation of the causes of TGSCC in the work-hardened layer of shrouds and PLR pipes. We also compared the results of our analysis with those of a previous investigation on the occurrence of SCC in cold-rolled austenitic stainless steel.
Experimental Method

Material information
The test material used was L-grade austenitic stainless steel SUS316 (NG), whose chemical composition is shown in Table 1 . Nitrogen (0.109 mass%) is added to the material to compensate for the reduction in strength caused by the Lgrade content. The steel was cold rolled at room temperature Table 1 Chemical composition of SUS316(NG) steel (mass%). to give a reduction in area (RA ¼ ðA 0 À AÞ=A 0 ) of 10, 20, 30, 40, or 50%; each cold-rolled sheet had thickness of 10 mm and a width of 40 mm. Figure 1 shows the stress-strain curve obtained for each rolled steel. 10) Table 2 shows the mechanical properties, 0.2% yield strength ( 0:2 ), tensile strength ( B ), uniform elongation ( U ), total elongation ( T ), and reduction in area ('). The table also shows the Vickers hardness (HV) measured with an applied indentation force of 196.1 N. The Vickers hardness of the base metal was 144, whereas that of steel with a reduction in area of 50% reached 356.
Structure observation method
The structure of cold-rolled specimens was observed by field emission scanning electron microscopy (FE-SEM) at an acceleration voltage of 20 kV. In addition, a field emission transmission electron microscopy (FE-TEM) observation was carried out at an acceleration voltage of 300 kV to investigate the details of the slip bands and dislocation cells induced by cold rolling. The FE-SEM observation was carried out on a cross section (Face C) of the specimen perpendicular to the rolling direction.
Samples for SEM were first ground using emery papers of various grinds from 230 to 600 grit and then etched in a solution of 20 vol% of HNO 3 , 60 vol% HCl and 20 vol% of H 2 O at 293 K. Samples for TEM obtained from thin slices with 0.3 mm thickness were firstly mechanically thinned to 30 mm and then electrolytically polished in a solution containing 5 vol% perchloric acid and 95 vol% acetic acid, using a twin jet apparatus at a potential of 20 V and a temperature of 298 K.
Hardness measurement method
In hardness measurement, an ultra micro-hardness tester (indentation force: 0.1 to 5 mN), a micro-hardness tester (1 to 2000 mN), and a Vickers hardness tester (0.196 to 490 N) were used to investigate the dependence of the hardness on the indent size over the nano-, meso-, and the macro-sized regions, respectively. The hardness values obtained by using the three hardness testers are called to as the nano hardness, the meso hardness, and the macro hardness, respectively. Hardness measurements were made on Face C, as in the structural observation. The samples, cut to a thickness of 2 mm, were buffed and then electrolytically polished in a solution of 8 vol% perchloric acid, 10 vol% 2-butoxyethanol, 70 vol% ethanol, and 12 vol% distilled water, at a potential of 40 V and a temperature of 273 K. Electropolishing of the surfaces was intended to remove work-hardened layers formed during the processes from cold rolling through buffing. The ultra micro-hardness test was carried out by using the AFM ultra micro-hardness tester with special levers developed by the authors. 4) Two types of special levers were used that had triangular pyramidal diamond indenters with apical angles of 60 and 115 , respectively, in the lever center. The lever with the triangular pyramidal indenter with an apical angle of 60 is referred to as lever No. 1 and the one with an apical angle of 115 as lever No. 2. The microhardness test was carried out by using a Shimazu DUH201 instrument with a triangular pyramidal indenter with an apical angle of 115
. An Akashi micro Vickers hardness tester was used for the Vickers hardness test. The diamond indenter was of a quadrangular pyramidal shape with a face angle of 136 . According to the definition of the Vickers hardness, the hardness calculated by dividing the indentation force by the surface area of the indent. In the ultra micro-hardness test, this hardness calculated shows a size effect in which the hardness increases with decreasing indentation depth.
11) It is suggested that this size effect occurs because the radius of the indenter tip has an effect that appears as a result of the shallow indentation depth. 11) To eliminate this effect, we have proposed the following empirical equation to convert indentation force-depth (F-h) curves (see Fig. 7 ) obtained in ultra micro-hardness tests to the Vickers hardness Hv Ã , using several electrolytically polished single metal crystals as reference specimens. 4, 5) 
where p, q, and n are constants and need to be specified for each indenter. This approach can be applied to F-h curves (see Fig. 8 ) obtained in a micro-hardness test. 8, 9) Table 3 shows p, q, and n values for each of the pyramidal indenters. Figure 2 shows an SEM image of the microstructure of the SUS316 (NG) base metal (i.e., a sample with a reduction in Table 2 Tensile properties of rolled SUS316(NG) steels.
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Rolling at $25 area of 0%). The SEM image shows that the austenitic grain size is about 150 mm. Figures 3 and 4 show SEM and TEM images of the microstructure of a sample with a reduction in area of 30%, it's a typical example for cold-rolled SUS316 (NG) steel. Figure 5 shows the slip deformation model 12) observed on the surface of aluminum, which has the same face-centered cubic structure as SUS316 (NG) steel. Figure 5 shows that large slip lines with a height difference of 200 nm are formed at a strain " of less than 10%. As the strain increases, the spacing between the large slip lines decreases and saturates at a spacing of 2 mm at a strain of 10%. As the strain increases beyond 10%, 20 nm-spaced fine slip lines are formed in the root of the 2 mm-spaced slip lines. As shown by the SEM image in Fig. 3 and the TEM image in Fig. 4 (a), 2 mm-spaced large slip lines are also formed in the SUS316 (NG) specimen with a reduction in area of 30% (a true strain of 35.8%). In addition, the TEM image in Fig. 4 Fig. 6 shows the relationship between the dislocation cell size and the reduction in area. In each rolled specimen, five dislocation cells were randomly selected, and their average size was used as the dislocation cell size. Figure 6 also shows the tensile-test results for lowalloy steel obtained by Bassim et al. 13) They cut a fractured tensile-test specimen at several positions in the reduction area, and performed TEM observations of the cross-section of each sample cut. They then calculated the reduction in area by using the diameter of each sample and the initial diameter of the test specimen. This showed that the dislocation cell size decreases with increasing reduction in area and becomes constant at a spacing of nearly 0.4 mm for a reduction in area of more than 20%. In comparison with this result, the dislocation cell size in the cold-rolled SUS316 (NG) steel is as small as 0.15 to 0.25 mm, and the reduction in area giving a constant dislocation cell size is estimated to be 10 to 20%.
As mentioned in the introduction, structural parameters play an important role in the nano-meso-macro strength analysis. [5] [6] [7] [8] [9] On the basis of the above results, the structural parameters of cold-rolled SUS316 (NG) steel are an austenitic grain size of 150 mm, slip spacings of 2 mm and 20 nm, and dislocation cell sizes of 0.15 to 0.25 mm. Figure 7 shows typical F-h curves obtained using the AFM ultra micro-hardness tester. In order to show the results clearly, F-h curves for the base metal and for specimens with reductions in area of 10, 30, and 50% are shown in Fig. 7(a) , and those for the base metal and specimens with reductions in area of 20 and 40% are shown in Fig 7(b) . In the F-h curves, if the indentation force is the same, the material is harder for shallower indentation depths. Therefore, the results of hardness measurement in the nano region in Fig. 7 show that specimens with reductions in area of 10, 20, or 30% are as hard as the base metal and those with reductions in area of 40 or 50% are harder than the base metal. As shown in Table 2 , the Vickers hardness increases with increasing reduction in area. These results mean that the dependence of the hardness on the reduction in area differs between the nano and the macro regions. Figure 8 shows typical F-h curves obtained by using the micro-hardness tester. A comparison between Fig. 7 and Fig. 8 shows that the maximum indentation force is 500 times larger in the micro-hardness test than in the ultra microhardness test. In the meso-hardness obtained micro-hardness tester, the indentation depth decreases and the hardness increases in proportion to the reduction in area. This tendency agrees with that of the macro-hardness obtained with the micro-Vickers hardness tester (Table 2 ). Figure 9 shows the indent size dependency of hardness over the nano-meso-macro regions. Fig. 9(a) shows the results for the base metal and specimens with reductions in area of 10, 30, and 50%, and Fig. 9(b) shows those for the base metal and specimens with reduction in area of 20 and 40%. The indent size on the horizontal axis is expressed as In Fig. 9 , the hardness of the base metal is nearly constant over the nano and macro regions, with a value of 150. The hardness of the cold-rolled specimens with reduction in area of 10-50% increases with increasing indent size. The hardness appears to change hierarchically in three steps corresponding to d cel , 10d cel , and 10l csl . In the nano-hardness region, in the first step, the hardness of the specimens with reductions in area of 10-30% corresponds to that of the specimen with reduction in area of 0% (the base metal), whereas the hardness of specimens with reductions in area of 40 and 50% is greater than that of the base metal. The mesohardness in the second step and the macro-hardness in the third step increase linearly with increasing reduction in area.
Hardness measurement
Discussion
The authors first applied the nano-meso-macro strength analysis to 1-mm ultra fine-grain ferrite steel. 6) Figure 10 shows the indent size-dependency of the hardness of 1-mm ultra fine-grain ferrite steel and 30-mm large-grain ferrite steel. The side length l h of a triangular indent and the vertical angle length l d of a rectangular indent were used to represent the indent size in the ultra micro-hardness test and in the Vickers hardness test, respectively. The hardness of the large-grain ferrite steel is independent of the indent size and nearly corresponds to the base hardness of iron, which has a value of 100. The hardness of the ultra fine-grain ferrite steel begins to increase near the grain diameter d and saturates at 10d . It then reaches the macro-hardness obtained in the Vickers hardness test. Miyazaki et al. 14) investigated the effect of the ratio of the crystal grain size d to the thickness B on the tensile strength by using plate specimens of Cu, Cu-13 at% Al, and Fe, and showed that the tensile strength saturates when the thickness is nearly five times the grain size, i.e. B ¼ 5d, and coincides with the macro-characteristics. Their results, as well as the finding that a plastic zone twice the indent size is formed around the indent, 15) can explain the hardness saturation at 10d in ultra fine-grain ferrite steel; the results also show that d and 10d are important structural parameters. Based on these two structural parameters, the macro-hardness of ultra fine-grain ferrite steel or the Vickers hardness Hv can be split up into the base hardness Hv 
This analysis was applicable to several tempered martensitic steels with different strengths. 9) A figure similar to Fig. 10 was created by using the results for the SUS316 (NG) steel base metal and the specimen with a reduction in area of 50%. This is shown in Fig. 11 . In  Fig. 11 , the structural parameters are the dislocation cell size d cel , 10d cel , which is 10 times d cel , and 10l csl , which is 10 times the large slip spacing l csl .
The Vickers hardness Hv of the specimen with a reduction in area of 50% is split up into the base hardness Hv In a base metal with a solution-treated austenitic structure there are almost no dislocations or precipitations and therefore dislocation strengthening and precipitation strengthening can be ignored. Also, because the grain size is as large as 150 mm, grain strengthening barely operates. Therefore, the difference between the hardness of the base metal and the base hardness of iron Hv Ã bas is thought to be the accounted for by the solid solution strengthening hardness Hv Ã sol . Of course, the solid solution strengthening hardness also exists in the specimen with a reduction in area of 50%. According to Fig. 2 .2 in Pickering's book. 16 ) the chemical components that make significant contributions to Hv Ã sol are C, N, and Mo in Table 1 . When cold-rolling is performed, the number of dislocations increases, and therefore the difference in hardness between the base metal and the first flat section in the specimen with a reduction in area of 50% is thought to be the result of the dislocation strengthening hardness Hv Ã dis . As the indent size increases, the hardness of the specimen with a reduction in area of 50% begins to increase near d cel and saturates at 10d cel . This tendency agrees with that of the ultra fine-grain ferrite steel in Fig. 10 , suggesting that the difference in hardness between the first and second flat sections is the fine grain strengthening hardness resulting from dislocation cells, Hv Ã cel . Eventually, the hardness of the specimen with a reduction in area of 50% reaches the macro-hardness at 10l csl . This suggests that the difference in hardness between the second and third flat sections is slip-related hardness. Thompson et al. 17) found that stress-strain curves for copper, aluminum, and brass can be well expressed by the following equation, which includes the contribution of slip lines in the Hall-Petch eq. (2).
where d is the crystal grain size, and is the slip line length and is proportional to the slip spacing. For smaller strains, approaches d, and consequently eq. (3) becomes the HallPetch eq. (2). For larger strains, becomes smaller, resulting in an increased effect of the slip line on the strength. With these points in mind, the difference in hardness between the second and third flat sections was determined to be the fine grain strengthening hardness resulting from the large slip line spacing, Hv Fig. 9 were used to obtain these hardness values. Of these three strengthening factors, the fine grain strengthening by dislocation cells is the largest, the fine grain strengthening by large slip line spacing is the second largest, and the dislocation strengthening is the smallest. The three strengthening factors are all related to dislocation and, could all be taken as dislocation strengthening. However, as described below, the strength-production mechanism in cold-rolled SUS316 (NG) steel can be clearly explained by splitting the strengthening into the three factors and discussing them individually.
In Fig. 12 , the dislocation strengthening hardness Hv Ã dis is zero at a reduction in area of less than 30% and increases for larger reductions in area. Hv cells. It follows from this that at a reduction in area of less than 30%, dislocations induced by cold rolling do not exist within dislocation cells, and all of them are used for the formation of dislocation cell boundaries and slip bands. As the reduction in area increases beyond 30%, dislocations begin to exist within dislocation cells, and their number increases.
As shown in Fig. 13 , the fine grain strengthening hardness by dislocation cells Hv Ã cel is somewhat low at a reduction in area of 10%, but saturates at nearly 120 at a reduction in area of more than 20%. Fig. 6 shows that the dislocation cell size is constant at a reduction in area of more than 20%. This, as well as the fact that at a reduction in area of more than 20% the dislocation density on the dislocation cell boundaries saturates and the locking parameter k in the Hall-Petch equation becomes constant, can explain the constant value of Hv Ã cel for a reduction in area of more than 20%. The drop in Hv Ã cel at a reduction in area of 10% is likely to be the result of the low dislocation density on the dislocation cell boundaries and the small locking parameter k, because the dislocation cell size at a 10% reduction in area is nearly the same as that for a reduction in area of more than 20%.
In Fig. 14, as the reduction in area increases, the fine grain strengthening hardness as a result of large slip line spacing Hv Ã csl increases and saturates at a reduction in area of 30%. According to the slip deformation model in Fig. 5 , the spacing of large slips saturates at 2 mm for a strain of 10%, or a reduction in area of nearly 10% (see Table 1 ), and the number of fine slip lines increases in the roots of large slip lines for larger strains. This is also observable in the TEM image of the specimen rolled to a reduction in area of 30% (a true strain of 35.8%). With the Hall-Petch equation in mind and assuming that large slip lines act as crystal grain boundaries and the locking parameter k increases as the number of fine slip lines increases in the root of large slip lines, it is understandable that Hv Ã csl increases even at a reduction in area of more than 10%. In the TEM observations, the number of slip lines increases even in the case of a reduction in area of more than 30%. Therefore, Hv Ã csl should increase, but it actually saturates at a reduction in area of 30%. However, this can be resolved by considering that fine slip lines do not contribute to increasing the locking parameter k when they are formed far away from large slip lines.
The above discussion needs refinement, yet its key points can be summarized as follows:
(1) For a reduction in area of 20%, the formation of dislocation cells ends, and fine grain strengthening by dislocation cells saturates (Fig. 13). (2) At a reduction in area of 30%, fine grain strengthening by a combination of 2 mm-spaced large slip lines and fine slip lines formed in their root saturates (Fig. 14) . In other words, the structure contributing to fine grain strengthening is completed at a reduction in area of 30%. (3) At a reduction in area of more than 30%, dislocations begin to exist within dislocation cells, and dislocation strengthening occurs (Fig. 12) . Therefore, a reduction in area of 30% is a key value for the strength mechanism of cold-rolled SUS316 (NG) steel. As mentioned in the introduction, this study was motivated by the fact that SCC was observed in the work-hardened layer of shrouds and recirculation pipes. A reduction in area of 30% is also an important value for SCC.
Because SCC has been observed in the work-hardened layer of L-grade austenitic stainless steel shrouds and recirculation pipes, attention has been given to studies on the occurrence and crack growth of SCC in cold-rolled austenitic stainless steel. [18] [19] [20] Kuniya et al. 18) performed a crevice bent beam test on cold-rolled SUS304 steel under high-temperature and high-pressure water, simulating an actual usage environment. Their results show that the occurrence of TG SCC and the length of cracks formed at the same time increased rapidly for a reduction in area of more than 30%. That is, the SCC sensitivity of cold-rolled steel increases at a reduction in area of more than 30%. Tsubota et al. 20) obtained nearly identical results on L-grade stainless steels SUS304L and SUS316L. Therefore, a reduction in area of 30% appears to be a key point in structure formation and the occurrence of SCC in cold-rolled L-grade SUS316 steel. Although this point remains to be clarified, one of the important factors for SCC is believed to be that at a reduction in area of 30%, fine grain strengthening by dislocation cells and large slip lines saturates, and a highstrength producing structure is completed.
Conclusions
In this study, we performed ultra micro-hardness, microhardness, and Vickers hardness tests and SEM and TEM analyses on the nano-meso-macro strength of L-grade austenitic stainless steel SUS316 (NG) cold-rolled to reductions in area of 10 to 50%. The results obtained are as follows:
(1) Structural parameters play an important role in the nano-meso-macro strength analysis. The SEM and TEM observations identified an austenitic grain size of 150 mm, slip spacings of 2 mm and 20 nm, and dislocation cell sizes of 0.15 to 0.25 mm as the structural parameters of cold-rolled SUS316 (NG) steel. (2) As a result of the ultra micro-hardness, micro-hardness, and Vickers hardness tests, the relationships between the hardness and indent size, i.e. the hardness profiles, were obtained over the nano-meso-macro regions. The hardness of the base metal was independent of the indent size and was constant at nearly 150. The hardness of specimens cold-rolled to a reduction in area of 10 to 50% increased with increasing indent size. On the basis of the structural parameters (the dislocation cell size d cel , 10d sel , which is 10 times d cel , and 10l csl , which is 10 times the 2-mm large slip spacing l csl ), the hardness profiles of cold-rolled specimens showed a three-step hierarchical structure. As a result, the Vickers hardness HV corresponding to macro strength was split up into the base hardness Hv values of about 120 and 50. This suggests that the formation of dislocation cells and slip bands ends at reductions in area of 20 and 30%, respectively, and thus the cold-rolled structure contributing to fine grain strengthening is completed at a reduction in area of 30%. (4) Hv Ã dis was zero at up to a reduction in area of 30% and then increased. This suggests that dislocations induced by cold rolling are used entirely for the formation of dislocation cells and slip bands, and that dislocations begin to exist within dislocation cells at a reduction in area of more than 30%, and dislocation strengthening occurs.
